The identification of general unknown poisons in complex biological materials like postmortem blood and tissue is a great challenge for the forensic toxicologist. Therefore, a screening procedure utilizing a semi-automatic work-up with an ASPEC system was developed. A broad range of different compounds can be isolated by using non-selective and generally applicable organic polymeric sorbents such as OASIS HLB or Isolute 101. Because colloidal solutions were applied to these sorbents, the denaturation of proteins, which can result in an irreversible loss of significant compounds by adsorption and occlusion, could be avoided. Because of the process of micellar chromatography followed by liquid-liquid extraction of the crude extract, very clean fractions were obtained from such complex matrices as postmortem blood, liver, and brain samples. High recoveries (72-100%) and good day-to-day relative standard deviations (1-17%) could be achieved with both polymeric sorbents. The procedure paves the way for the identification of general unknown poisons in target organs and is therefore a useful tool in the field of forensic toxicology.
Introduction
One of the main objectives of forensic toxicology is the identification of general unknown poisons in biological materials.
For urine and serum samples, liquid-liquid extraction has proven sufficient for this challenge, but these specimens are not always available, and liquid-liquid extraction is difficult to adapt for the clean-up of other samples such as postmortem blood or tissue because of the occurrence of stable emulsions and highly variable extraction yields.
In the "classical" procedures of forensic toxicology, based on the work of Stas (1) , protein precipitation is performed with alcohol. However, this heterogeneous extraction results in an irreversible loss of significant compounds by adsorption and occlusion onto the precipitated proteins. In order to avoid any disorder of the native structure of proteins, sorbents used in solid-phase extraction (SPE) can be applied directly to the diluted or colloidal matrix of biological samples.
For a general analytical screening of biological specimens, mixed-mode bonded-silica columns are frequently applied (2) . With these sorbents, codeine recoveries of up to 96% from standard solutions could be achieved, but experiments with 1 mL, 2 mL, and 3 mL of putrefactive urine showed recoveries of 63%, 45%, and 35% codeine, respectively, indicating that the cation-exchange capacity of these mixed-mode bonded-silica columns was not sufficient for samples containing high concentrations of basic compounds resulting from putrefaction processes (3) .
Sorbents based on organic polymers show a much higher capacity in such samples, and they are generally applicable for the isolation of a broad range of different compounds. For example, Amberlite | XAD has been used for the extraction of drugs from urine samples since 1970 (4) . Since 1975, these sorbents have also been applied for whole blood (5), and, compared to solvent extraction and protein precipitation, superior efficiency in the recovery of drugs was reported (6) . High recoveries for 28 substances following extraction of whole blood samples could be demonstrated (7) .
An extraction method for bile, gastric contents, brain, liver, kidney, and other tissue samples was published in 1974 (8) . The extraction of tissue samples applying Arnberlite XAD using a column proved difficult; therefore, a batch technique with "XAD-bags" was introduced (9) . Quite recently, new polystyrene resins such as Isolute 101 and OASIS HLB were introduced to the market.
New automated systems for SPE (e.g., the ASPEC XL) appear to be suitable for the development of a sturdy and reliable extraction procedure (10) . Therefore, an automated, non-selective clean-up procedure using polymeric sorbents in combination with liquid-liquid extraction was developed and is proposed for routine analytical chemical examinations in forensic cases.
Materials and Methods

Materials
All solvents (Merck, Darmstadt, Germany) were distilled before use to eliminate less volatile substances. A phosphate buffer (0.05M, pH 7.4) and demineralized water were used throughout the study. N-Methyl-N-trimethylsilyltrifluoroacetamide (MSTFA) was purchased from Fluka (Buchs, Switzerland).
Studies of codeine recovery were based on the method of Chen et al. (2) with Isolute TM HCX 300-rag columns (International Sorbent Technology, Ltd., Hengoed, Mid Glamorgan, U.K.) applied.
The drug standard solution for testing the recovery and dayto-day reproducibility contained 12 mg of phenobarbital, I mg of codeine, and 1 mg of morphine in 1 mL of methanol.
The polystyrene resins Amberlite XAD-4 (Rohm and Haas, Philadelphia, PA), OASIS TM HLB (Waters Chromatography, Milford, MA) and Isolute TM 101 (International Sorbent Technology, Ltd.) were applied in this study.
The separation of acidic and basic fractions was performed with Extrelut | NT3-columns (Merck).
For purification of Amberlite XAD-4, technical-grade resin was continuously extracted with distilled water, followed by acetone in a Soxhlet apparatus. Finally, the organic solvent was removed from an aqueous suspension of the resin using a modified steam-distillation. With Isolute 101 and OASIS HLB, no pretreatment was performed.
Instrumentation
Automated SPE was performed on an ASPEC XL (Gilson, Villiers-le-Bel, France). This system consisted of a model 402 dilutor with two syringe pumps, a pressure sensor, a sample processor unit, and the racks and accessories to handle samples and solvents. The ASPEC XL was controlled by a personal computer with ASPFIL-software (version 3.20, Abimed, Langenfeld, Germany).
High-purity helium, nitrogen, and hydrogen (99.999%, Messer Austria) were the carrier gases used for gas chromatography (GC).
Quantitative analyses of the acidic extracts were performed on a Hewlett-Packard HP 6890 GC (Palo Alto, CA) with an HP 6890 autosampler and nitrogen-phosphorus detection. An HP Ultra-1 column (25 m x 0.32 ram, 0.52-1am film thickness) was installed with a constant flow of nitrogen at 2 mL/min. The following temperature program was used with a total running time of 20 rain: the initial column temperature was set to 150~ for i rain and increased to 290~ at 25~ Splitless injections were performed with the injection port temperature set to 280~ Quantitative analyses of the basic extracts were performed on a Varian 3400F+ GC (Varian, Walnut Creek, CA) with an HP 6890 injection port and A200S autosampler (Finnigan MAT, San Jose, CA) connected to a SSQ7000 mass spectrometer (MS) (Finnigan MAT). In the GC, an XTI5-column (15 m x 0.25 ram, 0.25-lain film thickness, Restek, Bellefonte, PA) was installed with a constant flow of helium at 1 mL/min. The following temperature program was used with a total running time of 20 min: the initial column temperature was set to 100~ for 2 rain, increased to 200~ at 25~ then increased to 290~ at 15~ and held. Splitless injections were performed with the injection-port temperature set to 280~ The transfer line of the instrument was adjusted to 300~ and the ion source to 185~ SIM experiments for morphine and codeine were performed using the ions m/z 429 and rn/z 371 with a total scan time of 0.1 s. Chromatogram of an extract from 3 g of the same sample of liver after clean-up using Amberlite XAD-4 (precipitation was avoided); 1 pL of 2 mL methanol was injected (B). Because the intensities for cholesterol and di-and triglycerides are similar the extract received from the polystyrene-resin was much cleaner and showed fewer potentially interfering matrix components (factor 100).
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Experiments in Figure I were performed with a Perkin-Elmer (Beaconsfield, U.K.) 8500 GC with flame-ionization detection. A HT5-column (12 m x 0.32 mm, 0.1-lam film thickness, SGE International Pty, Ltd., Ringwood, Australia) was installed with a hydrogen head pressure of 15 psi. The following temperature program was used: the initial column temperature was set to 200~ for 1 min and to 350~ by 15~ Splitless injections were performed, with the injection port temperature set to 300~
Sample pretreatment
Postmortem samples of 5 mL blood, i g liver, or i g brain were homogenized in 50 mL phosphate buffer (pH 7.4) using an Ultra Turrax T25 (IKA, Staufen, Germany) at 20,000 rpm. Centrifugation was performed at 3500 rpm for 20 min at 20~ using a 6K10 centrifuge (SIGMA, Osterode, Germany). The supernatant was transferred into a glass tube, and 5 laL of the drug standard solution for testing the recovery and day-to-day reproducibility was added (corresponding to 12 lag of phenobarbital, 1 ]Jg of codeine, and 1 lag of morphine per milliliter blood and 60 lag of phenobarbital, 5 lag of codeine, and 5 lag of morphine per gram of liver or brain).
The precipitation experiment shown in Figure 1 was performed by homogenizing 3 g of a liver sample in 50 mL phosphate buffer (pH 7.4); after centrifugation the supernatant was slowly poured into 200 mL of methanol. The solution was sonicated for 1 h, and after centrifugation, an aliquot of 1 laL was used for GC analysis.
Extraction
For the batch procedure, the supernatant colloidal solution was incubated with 7 g of Amberlite XAD-4 for 90 rain on a shaking board. The sorbent was separated from the aqueous solution using a sieve, and the low-molecular lipophilic compounds were extracted by shaking the resin with 80 mL of ethylacetatelisopropanol (3:1) for 90 min.
To perform the semi-automated procedure, the ASPEC system was set up with XTray-software, and the prepared samples, solvents, solutions, and collection tubes were placed on racks. Extraction columns (6-mL OASIS HLB or Isolute 101, each 500 mg) fitted with polypropylene caps were installed in the SPE rack after the upper flit had been removed. The extraction was performed automatically as follows: (i) priming of all solvents and solutions; (2) resetting the SPE rack to the extraction position; (3) preconditioning the column by passing 8 mL methanol and 8 mL phosphate buffer (pH 7.4) through the column at a flow rate of 10 mLlmin; (4) loading 50 mL of sample onto the column at a flow rate of i mL/min (pressure sensor-controlled); (5) washing the column with 12 mL of demineralized water at a flow rate of 10 mL/min (pressure sensorcontrolled); removing water by passing nitrogen through the column for 60 s; (6) resetting the SPE rack to the collect position; (7) elution with 25 mL of ethylacetate/isopropanol (3:1)at a flow rate of 1 mL/min (pressure sensor-controlled).
The eluates were evaporated in an Alpha-RVC CMC-2 vacuum-concentrator (Christ, Osterode, Germany) in the presence of 0.6 mL aqueous solution of tartaric acid (10%). To separate the acidic and basic fractions by liquid-liquid extraction, the residue was extracted twice, both times with 3 mL of ethylacetate on an inversion mixer (acidic fraction). The pH value of the residue was adjusted to pH 8 with sodium bicarbonate and transferred to an Extrelut | NT3-column. Elution was performed with 15 mL of chloroform (basic fraction). After evaporation of ethylacetate and chloroform, the acidic and basic fractions, respectively, were transferred to autosampler vials using a total of i mL of chloroform, which was finally evaporated. The residue was reconstituted in either 50 laL of ethylacetate (for the acidic fraction) or the same amount of N-methyl-N-trimethylsilyltrifluoroacetamide, which was heated for 20 rain at 80~ (for the basic fraction). Aliquots of these solutions were used for GC analyses.
Double determinations of each sample were performed, and the recovery of phenobarbital, codeine, and morphine for the whole extraction procedure was calculated in relation to the unextracted drug standard solution. Day-to-day reproducibility was determined by extraction experiments on three successive days with samples from different individuals.
The time used for each sample extraction with polymeric sorbents was 1.5 h; another 0.5 h was necessary for the liquid-liquid extraction of the crude extract.
Results and Discussion
Most of the commercially available sorbents for SPE are based on modified silica, where residual silanol-groups can lead to irreversible adsorption during the extraction procedure. For this reason, new polymeric phases have been introduced on the market, and recent studies have revealed superior retention of acidic and basic test analytes on polymeric materials compared to a silica-based C8 phase from aqueous buffer solutions (11) . Because secondary interactions, such as with bonded silica, are not observed with polymeric phases, and because stability in a wide range of pH values (from I to 14) can be achieved, these sorbents may provide an alternative to "classical" silicabased phases.
In the presented study, two different types of polymeric sorbents were investigated in respect to their applicability for a general unknown screening in complex biological matrices.
First of all, non-polar copolymers of vinylbenzene and divinylbenzene, such as Amber-lite XAD and Isolute 101, were examined. Secondly, OASIS HLB (a copolymer of vinylbenzene and N-vinylpyrrolidone), which enabled both hydrophilic and lipophilic retention characteristics, was tested (Table I) .
A high capacity with specific surface areas from 500 to 800m2/g is typical for organic polymers. Prior works have revealed that the capacity of 2 g of Amberlite XAD-2 was sufficient for the extraction of 500 g of tissue sample (12) and thus enabled a significant enrichment of low-molecular organic compounds from biological matrices.
The adsorption mechanism of polymeric phases is based on dipole-dipole-or dipole-induced-dipole interactions between neutral, non-polar, or weakly polar molecules and the sorbent. The energy of these interactions is comparable to hydrogen bonds or ion-dipole interactions, making them effective only at very short distances.
The extraction yield depends on the lipophilic properties of the substances; for chargeable molecules, this value is connected to the pH value of the solution. Considering the Henderson-Hasselbalch equation, the majority of interesting compounds should therefore be sufficiently extractable at a physiological pH value of 7.4.
Based on these considerations, Amberlite XAD-4, with a par- 
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Journal 13) . For this method, the recoveries of toxicologically relevant concentrations of diazepam, codeine, and morphine were determined, and 62-78% of the reference substances could be recovered from postmortem blood. Similar results were achieved with brain samples (61-77%) and liver samples (66-80%) (3).
The adsorption rate varies primarily with the particle size of the polymeric sorbent: Amberlite XAD-4, with a particle size between 0.3 and 1.2 ram, needed 50 rain to adsorb the test substances amitriptyline, diazepam, morphine, and phenobarbital, whereas this process took only 5 rain with the same material with a much smaller particle size (i.e., between 0.05 and 0.1 ram) (3). For fast adsorption and desorption rates smaller particles are preferable, but the handling of these fine materials turned out to be difficult in the described batch procedure.
To improve this clean-up method, most parts of the procedure were performed automatically on an ASPEC XL.
Amberlite XAD-4 is only available on the market in practical-grade, with a broad range of particle diameters; moreover, a time-consuming clean-up procedure before analytical application is necessary. Therefore, an automated work-up procedure using the newly introduced sorbents OASIS HLB and Isolute 101 was developed. Because of the small particle size of these sorbents (between 0.05 and 0.07 ram), fast adsorption and desorption rates could be expected (Table I) .
Using OASIS HLB, steep elution curves and therefore fast desorption rates were observed in prior studies (11) . In contrast, the elution curves for styryldivinylbenzene materials were relatively shallow, implying poorer mass transfer rates from this phase (11) . Elution experiments with ethylacetate showed fast desorption from both sorbents (OASIS HLB and Isolute 101) because of their small particle size, whereas slow desorption rates and the need for larger solvent volumes had been observed using Amberlite XAD-4. In the proposed procedure, the elution rate did not exceed I mL/min and was performed with a mixture of ethylacetate and isopropanol to increase the miscibility with water.
After removal of the solvents, a further clean-up procedure using liquid-liquid extraction separated the acidic and basic fractions.
For both sorbents (OASIS HLB and Isolute 101), the recoveries of toxicologically relevant concentrations (14) of phenobarbital, codeine, and morphine (corresponding to 12 IJg of phenobarbital, 1 ~g of codeine, and 1 l~g of morphine per milliliter blood and 60 pg of phenobarbital, 5 pg of codeine, and 5 pg of morphine per gram of liver or brain) were determined on three successive work-ups. With Isolute 101, 96-100% of the reference substances could be recovered from whole blood, whereas OASIS HLB showed yields between 87 and 100%. Similar results were achieved with brain samples: 82-91% for Isolute 101 and 74-91% for OASIS HLB. The lowest recoveries were observed with liver samples: 74-79% for Isolute 101 and 75-91% for OASIS HLB (Table II) .
These three substances were selected because their acidic and basic properties represent the broad range of possible analytes.
The reproducibility of the whole process--including sample preparation, sorption steps, liquid-liquid extraction, and GC-MS--showed day-to-day relative standard deviations between I and a maximum of 17% (Table II) .
To demonstrate the advantage of the application of polystyrene resins compared to the "classical" method using precipitation, extracts from liver samples were compared via high-temperature chromatography (Figure 1) . Figure 1A shows the chromatogram of an extract from 3 g of a liver sample prepared by precipitation in methanol without any further liquid-liquid extraction. After diluting this extract in 200 mL of methanol, 1 IJL was injected. Figure 1B shows the chromatogram of an extract from 3 g of the same sample of liver after clean-up using Amberlite XAD-4, again without any liquid-liquid extraction. This extract was diluted in 2 mL of methanol, and 1 IJL was injected.
Chromatograms with similar intensities for cholesterol and di-and triglycerides were achieved, but the extract prepared by precipitation had to be diluted 100 times more than the extract prepared by application of polystyrene resins. It can clearly be seen that the exclusion of macromolecules by the polystyreneresin results in extracts with fewer potentially interfering matrix components.
The cleaner extracts with polymeric sorbents can be explained by micellar chromatography: in colloidal solutions, drugs (i.e., low-molecular lipophilic organic substances) are integrated and transported partly via micellar structures, which are dynamic systems and therefore continuously disintegrate and rebuild again. When disintegration takes place near the surface of the sorbent, analytes are adsorbed.
Studying the structural and dynamic aspects of a sodium octanoate micelle as a model substance, Laaksonen and Rosenholm (15) calculated the average micelle radius of the primarily hydrated micelle entity in the order of 24.~, corresponding to a diameter of about 5 nm and estimated the building rate of the micelles at the nanosecond scale.
Because the average pore diameter of the applied polymeric sorbents is between 5 nm and 10 nm (Table I) , the resulting molecular sieve effect leads to the exclusion of macromolecules with a diameter larger than 5-10 nm. Therefore 99% ofdi-and triglycerides participating in micellar structures can be excluded by polystyrene resins. Organic molecules, including drugs small enough to diffuse into the sorbent, can still be adsorbed. This effect enables the isolation of low-molecular lipophilic substances from complex samples with simultaneous enrichment, resulting in a decrease of the "chemical noise" registered by the detection system.
To take advantage of the process of micellar chromatography, the adsorption rate in the automatic procedure should not exceed 1 mL/min because adsorption of low-molecular compounds from micellar structures is slower in comparison to the rate of adsorption onto the sorbent from aqueous solutions.
Conclusions
With both sorbents (OASIS HLB and Isolute 101), in combination with liquid-liquid extraction, a clean-up of samples obtained in the course of an autopsy could be achieved, and any precipitation of proteins was avoided. The application of an automated system such as ASPEC saved time by running parts of the developed procedure unattended over night.
The whole process, including sample preparation, sorption steps, liquid-liquid extraction, and GC-MS, showed high precision and reproducibility for three test-substances with acidic and basic properties, which represented a broad range of possible analytes.
The wide range of useable biological material, including tissues rich in lipoid components such as brain, liver, or putrefied blood, meets the requirements of forensic medicine and paves the way for an analytical toxicological approach to the identification of general unknown poisons in target organs.
